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Over the last few years, NDE ultrasonic research has progressed along 
several separate and independent lines, including defect scattering models 
and transducer characterization. Now some workers [1] are attempting to 
account for transducer characteristics in the defect scattering models. 
This paper describes an approach which has the potential to combine 
numerical calculations of realistic transducer fields with defect 
scattering theories. We are able to calculate the fields in homogeneous, 
isotropic solids due to a transducer coupled to the solid by water. In 
addition we have introduced two simple crack interaction models and 
calculated the transducer response to the crack. The technique [2] uses 
ray tracing to find the field of the transducer. To make the ray tracing 
technique useful we have extended it to three dimensions and allowed for 
oblique incidence. In addition we have provided for the correct vector 
nature of the field in the solid. 
A new and interesting feature of the code is the capability to treat 
an extended flaw as a source of ultrasound whose strength and directivity 
are determined by the incident field. The rays from this source can then 
be traced back to the transducer and the response of the transducer 
calculated by integrating over the transducer aperture. 
At present two simple models of the interaction of the incident field 
with a surface-breaking crack are implemented. These models give only 
fair agreement with experimental data, which is not surprising because of 
their simplicity. However, they are only the first step and we anticipate 
that when we use more sophisticated defect scattering theories in the 
calculation, we will obtain better agreement. 
NUMERICAL CALCULATION OF THE TRANSDUCER FIELD 
The basic procedure is described in Reference 2. We have extended the 
basic ray-trace method to three dimensions and have calculated the vector 
rather than the scalar field. The basic configuration is shown in 
Figure 1. The transducer is assumed to be a circular piston whose axis is 
at an angle e to the normal to the surface of the part. 
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Fig . 1. Schematic of the configuration used in the ray-tracing 
calculation. 
The surface of the piston is modeled as an array of point sources 
emitting spherical waves at a fixed frequency. For a given field poi nt in 
the solid, rays are traced to it from al l sources on the transducer face. 
The wave in the interior of the solid can be longitudinal or transverse. 
The appropriate refraction angle and velocity Fresnel coefficient are 
included in the ray trace and the ampli tude at the field point for each 
ray from the transducer is calculated. The vector sum of the fields of 
each ray is then calculated to find the total incident field at that point 
for that frequency. Rays that reflect off the back surface of the part 
may also be traced and their effect included. For these rays the 
amplitude is further modified by the velocity Fresnel coefficient for 
reflection off the back surface. 
Initially an inverse distance factor was included to account for the 
spherical nature of each source point on the face of the transducer. 
However, the spherical wave front is distorted by the refraction at the 
fluid/solid interface (Figure 2). The amplitude after refraction is not 
uniform along the wave front but decreases with increasi ng refracted 
angle. 
An effective inverse distance factor can be calculated in two steps. 
For two rays leaving the same source point at an angle differing by de , 
the distance between the rays at the fluid/ solid interf ace is given by R, 
where R is the distance between the source point and the surface. After 
refraction this distance is modified as shown in Figure 2 and becomes: 
R cosa de 
cose 
The two rays continue to spread in the solid, but now the angle between 
them is da. Using Snell's Law we can calculate da to be 
v 
da = 2 cose de 
IJF cosa 
R COSO< dO 
cosO 
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Fig. 2. Change in the ray divergence due to refraction. 
The total distance between the rays a distance R' into the solid is then 
the sum of the two distances: 
Reff d8 = R cosa d8 + R'da 
cose 
v 
= [R cosa + R' .2. cose] de 
cose VF cosa 
where Reff is the effective inverse distance factor to weight the 
contribut1on of each ray from the source. 
As a check on the code we compare the results to those of Thompson and 
Gray [1]. In their model the field along the ceRterline of the transducer 
is calculated by finding the field along the centerline of an equivalent 
elliptical transducer on the surface of the solid. The shape of this 
transducer varies according to the incident and refracted angles. 
We have done a calculation using the ray tracing program which is 
identical to the calculation that Thompson and Gray show in their 
Figure 8. In this problem a transducer is set at incident angles of 0, 4, 
8, and 12 degrees from the normal to the surface of a titanium sample. 
The field is calculated 1.27 em beyond the surface of the metal for 
frequencies from 0 to 20 MHz. The results are nearly identical to those 
shown in Figure 8b of Thompson and Gray. 
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CRACK INTERACTION 
Two models of the interaction of the crack with the incoming field 
have been used to test the code. In the first, the specular reflection 
model, the crack is treated as a mirror and diffraction effects are 
neglected. In the second, the diffracting crack model, the crack is 
assumed to be an array of points which reradiate a field proportional to 
the incident field. 
In the following sections the results of the calculations are compared 
to experimental data. Four aifferent stainless steel specimens with 
surface-breaking EDM notches with different lengths were used. The 
transducer collects echoes from the root of a surface-breaking crack on 
the opposite side of a stainless steel block as it scans in a direction 
perpendicular to the crack face. 
Specular Reflection Model 
In the specular reflection model diffraction effects of the crack are 
ignored and the crack is treated like a mirror. Rays are traced from the 
source points on the transducer to each crack point along two different 
paths. Along path 1 the ray is traced from the source point directly to 
the crack point. The ray reflects off the crack at the crack point, 
travels to the back wall and is reflected again. Then the ray is traced 
back out of the solid to the plane containing the transducer face. Along 
path 2 the ray is tracea to the backwall first, then, after reflection, to 
the crack point. There it reflects again and is traced out of the 
material to the plane of the transducer face. 
If a returning ray hits the transducer face, it contributes to the 
field measured by the transducer. The strength of the contribution is 
determined by the transmission and reflection coefficients and the 
projection of the ray onto the normal to the transducer face. A 1/R 
distance factor is not included since this factor enters implicitly from 
the 1/R variation of the ray density exiting the material. The reflection 
angles at the crack and at the back wall are determined by the incident 
angle, the angle of the crack (assumed here to be perpendicular to the 
back wall) and the types of mode conversions, if any. 
The specular reflection model is useful for several reasons. First, 
it is more economical to run on the computer than the diffracting crack 
model; the three-dimensional implementation can be tested frequently with 
little concern for cost. Second, the specular reflection model should 
perform very nearly as well as the diffracting crack model if the 
significant features of the pulse-echo spectrum are due primarily to 
sampling various portions of the complicated field of the transducer; this 
is true when the flaw is in the far field of the transducer and the crack 
is significantly smaller then the beam width of the transducer. Finally, 
the interaction is well defined and physically should correspond to the 
measurements made on the samples with the EDM notches. 
Diffracting Crack Model 
The diffracting crack model is the basis for implementing and testing 
various scattering theories. However, at this stage of development we are 
using only a simple model of the field-crack interaction. 
The crack is modeled as an array of points. The points are equally 
spaced along a line perpendicular to the bottom of the part in the plane 
of incidence of the center ray of the transducer. Each crack point is 
assumed to be a source of sound whose nature is dependent on the incident 
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field at that point and on the model of the scattering of the field by the 
point. Once the response of each point on the crack is calculated, the 
rays from each crack source point are traced back to the transducer which 
now serves as a set of field points. The trace calculations are identical 
to those done originally from the transducer to the crack points and this 
information is saved from the previous part of the calculation. However, 
the Fresnel coefficients are different on the reverse path and must be 
recalculated. 
The total field at each point of the crack array is determined by 
tracing the two sets of rays used in the specular reflection model. The 
reradiated sound field is calculated separately for the two paths. 
Reradiation back along path 1 is due only to the path 2 transducer field, 
i.e., the transducer fieid is calculated by considering only rays incident 
along path 2. Likewise, reradiation back along path 2 is due only to the 
path 1 transducer field. 
The amplitude and phase of the reradiation along a path 1 ray to a 
transducer point are calculated as follows. The path 2 transducer field 
at the crack point is first reflected off the crack. The component of the 
reflected field that is perpendicular (for shear waves in the solid) to 
the path 1 ray back to the transducer is calculated. The amplitude and 
phase of this component are the amplitude and phase of the reradiation. 
Reradiation along a path 2 ray to the transducer is calculated similar ly 
from the incident field due to path 1 rays from the transducer. 
COMPARISON TO EXPERIMENT 
The experiments were performed using a broadband transducer . To 
simulate the spectral results obtained experimentally, the two models were 
used to calculate the transducer response over a range of frequencies 
corresponding to the bandwidths of the transducers. The response was then 
weighted according to a Gaussian fit to the magnitude of the Fourier 
transform of the transducer response obtained experimentally from the 
reflection echo from the corner of one of the specimens. We made no 
attempt to correct for phase or to make phase comparisons. 
Figure 3 shows the spectra of the transducer response from four EDM 
notches. The transducer has a nominal center frequency of 5 MHz and a 
diameter of 6.35 mm (0.25 in). The transducer is 13 em from the sample 
and the centerline is at an angle of 20 degrees from the normal to the 
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Fig. 3. Spectra of the A scans from four EDM notches in the far field of 
the transducer. 
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sample. In all cases the root of the crack i s assumed to be on the 
refracted centerline of the transducer, determined by positioning the 
transducer at the point yielding the highest amplitude signal. All test 
specimens are 15.2 mm thick with a surface-breaking crack on the bottom. 
The depths of the cracks and notches are 0.762, 1.52, 3. 05, and 6.10 mm 
(0.030, 0.060, 0.120, 0.240 in). 
In Figure 3 the peak of the spectra shifts to lower frequencies as the 
flaw size increases. This shift can be understood qualitat i vely as a 
result of the off-axis sampling of the transducer sound field by the 
flaw. The smaller flaws sample only the center portion of the beam, 
which, due to diffraction effects, contai ns the largest proportion of 
high-frequency components. The larger flaws additionally reflect the 
edges of the transducer beam which contai n only the lower frequency 
components. Thus the peaks of the spectra of the larger f l aws are 
expected to be shifted to lower frequencies . 
The analysis above is true only when the flaw is in the f ar field of 
the transducer. Figure 4 shows experimental results for a much shorter 
water path of 3 em. Now the spectrum of the largest notch is shifted back 
to higher frequencies. This is due to high-frequency side lobes in the 
near field of the transducer. These side lobes intersect the top of the 
crack, resulting in a larger high frequency response at the transducer. 
For the smaller cracks, these side lobes miss the crack and do not return 
to the transducer. 
A calculation of the i ncident field along the flaw at 5 MHz shows that 
the field is maximum at t he root of the f l aw, reaches a minimum near the 
tip of the largest flaw (6 . 10 mm from the bottom of the part) and 
increases again, moving up into the part. The higher fr equency components 
in the transducer spectrum have side lobes that are inc ident on the flaw , 
indicating the possibility of a shift to higher frequencies in the echo 
spectrum. 
The specular reflection model does not replicate the experimental 
data, especially for the larger cracks . In fact the results , shown in 
Figure 5 for the 13 em water path, are i dentical for the two largest 
cracks, indicating that the model is sensitive only to the width of the 
transducer beam. The results are simi lar for the 30 mm water path. 
The 
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results for the diffracting crack model, shown in Figures 6 and 7 
two different water paths, are i n better agreement with Figures 3 
For the 13 em water path the peak frequency sh ifts to lower va l ues 
larger cracks . In addition the relative ampli tude at the 
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Fig. 4. Spectra of the A scans from fou r EDM notches in the near field of 
the transducer. 
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Fig. 5. Spectra calculated using the specular reflection model for four 
EDM notches in the far field of the transducer. 
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Fig. 6. Spectra calculated using the diffracting crack model for four EDM 
notches in the far field of the transducer. 
peak agrees well with experiment. These values are compared in Table I 
where the amplitudes for the 6 mm crack are normalized to 100. For the 
short water path, when the crack is in the near field of the transducer, 
the agreement is not as good. The peak frequency of the 6 mm crack is not 
larger than that of the 3 mm crack as in the experimental data. However, 
the relative amplitudes agree very well except for the smallest crack 
which is too low by more than 15%. 
CONCLUSIONS 
A program for calculating realistic ultrasonic fields in solids has 
been shown to be in good agreement with the model of Thompson and Gray. 
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Table I. Comparison of Models to Experiment 
EDM 
Crack Exeeriment Seecular Reflection Di ffracting Crack 
Size Frequency Amplitude Frequency Amplitude Frequency Ampl itude 
iT&. (MHz) (relat ive) (MHz) (relative) (MHz) (relati ve) 
13 em Wate r Path 
6 4.8 100 4.9 100 4. 7 100 
3 4.8 84 4.9 100 4.9 88 
1.5 4.9 55 5.0 55 5.0 49 
0.75 5.3 31 5.0 28 5.0 25 
3 em Water Path 
6 4.9 100 5.3 100 4. 7 100 
3 4.8 93 5.3 100 4. 7 96 
1.5 4.9 65 5.3 78 4.9 68 
0.75 5.2 45 5.3 44 4.9 37 
The program has been used i n combination with some simp l e f ield/ flaw 
i nteraction models to pred i ct the spectra of the retu rning echoes from t he 
flaws and these spectra have been compared to experimenta l measurements 
with fair agreement for the best model. However, some details of the 
spectra have only been partially reproduced, indicati ng that some 
improvement in the field/f law interaction models is required. 
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DISCUSSION 
Chairman Bahr: This paper is open for discussion. 
Mr. Jim Rose (Ames Lab): It's very nice. One thing I was wondering about 
was that surface waves can make a very significant contribution to 
the return signal. Do you intend to extend your calculation to include 
surface rays? 
Mr. Johnson: Eventually, but we don't have any specific plans at this 
point. That's obviously a weakness in this method in that mode con-
version isn't automatically taken into account; you have to wire it in. 
Our specific plans are more oriented toward putting in better models 
of what happens at the crack and how do we get that back to the trans-
ducer to calculate a realistic pulse echo 'A' scan. 
From the floor: In your pictures, you show the crack depth and I assume 
that your beam width is greater than the crack depth, so you are 
illuminating the whole crack, but how about in the length direction? 
Were you assuming a penny-shaped crack or an infinitely long crack? 
Mr. Johnson: This was, in this 3-D specular reflection model, an infinitely 
long crack. In the diffracting crack model, it was a line of points 
and not a planar crack at all. We'd like to extend our diffracting 
crack model to a plane. Actually, we could put in any kind of crack 
we want because we can specify the field points. 
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